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ABSTRACT
The use of explosives has become a predominant weapon in cases of human rights
abuses. In order for forensic anthropologists to interpret and identify blast trauma in these
scenarios, experimental studies on the fracture patterns and dispersion associated with an
explosion are necessary. This study aims to examine the effects of a plywood wall and the
inclusion of shrapnel materials on the manifestation of blast trauma on the appendicular skeleton
in a sample of 32 euthanized wild pigs (Sus scrofa) that were positioned 5’ from the explosive
devices. Shrapnel was found to increase the severity of trauma, while the plywood wall was
determined to be insufficient to produce a different trauma pattern. Traumatic amputations of the
lower limbs were observed in both groups. Size was a significant factor in explaining the total
number of injuries to the appendicular skeleton such that smaller animals had more fractures than
larger ones.
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1

INTRODUCTION

The last decade has seen a sharp increase in the use of improvised explosive devices
(IEDs) in global terror events (National Consortium for the Study of Terrorism and Responses to
Terrorism—START, n.d.) and in cases of human rights violations (Kimmerle and Baraybar,
2008). Much of the published literature on the physiological effects of a blast incident addresses
the management and triage of soft tissue injuries immediately post blast (Balazs et al., 2015;
Mathews and Koyfman, 2015; Peleg et al., 2004; Samra et al., 2014). While this research is
beneficial in understanding how soft tissues respond to such forces, the effects of a blast event on
the skeletal system are relatively unknown, with only a few studies published (Christensen et al.,
2012; Christensen and Smith, 2013). Skeletal remains offer a source, sometimes the only one
available, for identifying and documenting a blast event. Blast trauma differs from other types of
trauma (e.g., blunt or sharp force traumas) and is also dependent on multiple variables including
device composition, victim’s distance from the device, and the surrounding environment (i.e.,
enclosed vs open) (Mathews and Koyfman, 2015). Further investigation into the patterning and
distribution of blast related trauma in various scenarios and environments in needed to
differentiate whether skeletal injuries originate from explosive devices or from other sources.
The purpose of this study seeks to document and analyze the effects of a series of blasts on the
appendicular skeleton of wild hogs (Sus scrofa) utilizing IED style devices.
1.1

Use of explosives
Explosives have a long history of use for destructive purposes (Balazs et al., 2015),

though the relative ease of construction of improvised explosive devices (IEDs) and their ability
to inflict harm (Department of Homeland Security, n.d.) has, in part, contributed to an escalation
in the use of explosives in terroristic events over the past decade (Fig. 1) (START, n.d.).
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Terrorism, as defined in the Federal Code of Regulations, is “the unlawful use of force and
violence against persons or property to intimidate or coerce a government, the civilian
population, or any segment thereof, in furtherance of political or social objectives” (28 C.F.R.
Section 0.85). Forensic anthropologists contribute to investigation of terrorist incidents as well as
other criminal and humanitarian scenarios not captured by the definition of terrorism, such as
state perpetrated violence.
The U.S. Department of State contracts START to conduct an annual report on terrorism,
which includes statistics on the number of individuals worldwide who are injured or killed each
year by terroristic activity. In 2016, a total of 11,072 terrorist attacks occurred, resulting in
25,621 deaths and 33,814 individuals injured, including perpetrators (U.S. Department of State,
2016). Of the 2016 terrorist attacks, approximately 54% were conducted using explosive devices.
This percentage remains fairly consistent with 2015 (U.S. Department of State, 2016) but is an
increase over the 33% reported in 2008 by Christensen and Smith (2013). Of the 20 most deadly
terrorist attacks in 2016, seven involved the use of explosive materials, including the most fatal
incident in Palmyra, Syria where at least 421 people were killed (Institute for Economics and
Peace, 2017). The use of IEDs has been implemented by terrorists all around the globe, ranging
from a roadside car bomb in Tripoli, Libya (U.S. Department of State, 2016) to larger attacks
including the 2004 Madrid, Spain train explosions and the Oklahoma City Bombing (National
Academics and the Department of Homeland Security, n.d.).
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Figure 1.1 Use of explosives in terroristic attacks from 1970 until 2016. (Reproduced
from https://www.start.umd.edu/gtd/., n.d.)

1.2

The role of forensic anthropologists
Forensic anthropologists have traditionally been associated with the identification of

human remains through the analysis of skeletal material and the subsequent estimation of the
biological profile (i.e., age, sex, stature, and ancestry), as well as with research aimed at
improved techniques and methodologies (Komer and Buikstra, 2008). However, over the last
four decades, there has been a shift in the scope of forensic anthropological applications to
include investigations of mass disaster incidents and human rights violations. This shift was
pioneered by Dr. Clyde Snow at an American Association for the Advancement of Science
(AAAS) meeting in 1984, in which he addressed the need for forensic scientists to become active
in investigating human rights violations. This call to arms was motivated by the plight of the
Argentinian peoples who, for years, faced forced disappearances and executions during a period
called the Dirty War. During this time, the Junta army kidnapped, tortured, and often committed
extrajudicial executions of their enemies. With the return of democracy through the election of
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President Raul Alfonsin, a National Commission on Disappeared People (CONADEP) was
formed with the goal of discovering the fate of the desaparecidos, or the disappeared and missing
persons. Eventually, CONADEP sought help from the AAAS in early 1984, and, in June 1984,
Dr. Snow and a multidisciplinary team of forensic scientists arrived to aid Argentina. This
became the first investigation to set precedent for the application of forensic anthropology into
human rights violations. These efforts subsequently resulted in the creation of the Argentine
Forensic Anthropology Team (EAAF) (Doretti and Snow, 2009).
Forensic anthropological investigations into human rights violations have several
objectives as defined by Doretti and Snow (2009): 1) collect objective scientific evidence, ideally
to aid in prosecuting perpetrators, 2) record evidence into the historical record in order to
document crimes, 3) strengthen legal cases, which could hopefully act as a deterrent for future
human rights violations, and 4) provide closure to family members by returning the remains of
loved ones. The goals presented are substantial, and it is very difficult to achieve all four; in
some cases, it is not possible to bring perpetrators to justice, but the other objectives are still
valid and could be met.
Intrinsic to the above goals is trauma analysis. Often in forensic anthropological
investigations trauma analysis is essential as it documents when the trauma occurred (i.e., ante-,
peri-, or postmortem), the mechanism of injury or injuries (e.g., sharp, blunt, and ballistic
traumas), the sequence of trauma(s), as well as possibly revealing information about the crime,
such as the victim's position. Many infractions to human rights are often only able to be
investigated years later when the political conflict has receded. Because many victims are
skeletonized by this time, forensic anthropologists are a necessity to investigations of human
rights violations. Understanding the patterning and variation of fractures produced by blasts is
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essential to help identify and document these cases (Kimmerle and Baraybar, 2008). Already an
understanding of blast-related fracture prevalence and distribution in comparison to combat
injuries has aided Dussault et al. (2017) in identifying blast trauma in skeletal remains from the
Bosnian 1995 civil war, thus lending support that these individuals were executed rather than
killed in combat.
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2

BACKGROUND

Experimental studies of blast trauma aim to document and investigate the patterns and
distribution of skeletal injuries in order to aid in the reconstruction of past blast events and gather
evidence to prosecute these crimes. Distinguishing blast trauma from other types of insults can
assist in transitional justice in which post-conflict reconciliation occurs by addressing the crimes
and recovering the narratives of the victims of human rights violations (Kimmerle and Baraybar,
2008).
This section serves to provide background information essential to understand how
fractures occur, specifically in a blast event. First, an overview of the biomechanics of fracture
production is provided, including the variables of fracture production and the classification of
fractures. Then, the physics of an open-air blast, the two main categories of explosives, and the
numerous variables affecting a blast are conferred. Additionally, the pathophysiology of blast
trauma is discussed in order to explain the effect of a blast event on the body. Finally, a brief
review of the literature is presented, drawing from anthropological, combat, and medical sources.
2.1

Fracture production
Bones are constantly subjected to biomechanical loading, or the application of force,

during daily life. Most daily activities allow for elastic deformation in which the stress applied to
the bone does not exceed its intrinsic strength and allows for the return to its homeostatic shape.
However, at times, the biomechanical loading stress exceeds the strength of the bone wherein the
structure reaches its failure point and fracture occurs; this is depicted in the stress/ strain curve in
Figure 2.1.
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Figure 2.1 Stress/ strain curve depicting elastic and plastic deformation as well as the failure
point, where fracture production occurs.

2.1.1

Variables of fracture production

There are several intrinsic factors that influence bone strength, including age, health,
bone geometry, and bone density (Tencer and Johnson, 1994). These variables, as well as
individual variability, contribute to the amount of stress loading a bone can endure and the
subsequent strain able to be experienced before failure. While these intrinsic variables may affect
the results, they cannot completely be accounted for and mitigated in this study.
In addition to intrinsic properties of bone, there are also three extrinsic characteristics of
force that determine the degree of trauma to bone: direction, speed, and focus. The direction of
force refers to the trajectory from which the force contacts the bone and can include
compression, tension, shearing, torsion, and bending (Fig. 2.2). The speed of force denotes the
velocity at which the force impacts the bone. This can be either dynamic (sudden impact) or
static (slow buildup). The last characteristic of force is focus, and this refers to the size of the
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area of impact, which can be wide or narrow (Byers, 2017). Victims of blast events experience a
multitude of directions of force that can impact the bone, as well as generally more dynamic
loading of the bone, and both wide (e.g., blunt force impact trauma) and narrow (e.g., shrapnel
impact) focus of force.

Figure 2.2 Directions of force: a) compression, b) tension, c) shearing, d) torsion, and e)
bending.

In addition to these characteristics of force, fractures can occur as a result of both direct
and indirect trauma. Direct trauma occurs when bone is directly impacted by an object, and this
trauma is localized to the area of impact. In a blast event, this mechanism of trauma can result in
fractures due to impact with shrapnel and/ or as a consequence of bodily displacement and the
resulting impact with the ground or any surrounding infrastructure. In comparison to direct
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trauma, indirect trauma occurs beyond the site of impact and can result from tensile, rotational,
bending, and compressive forces as well as hyperextension/ flexion, which can be generated
from a blast wave (Galloway et al., 2014).
2.1.2

Classifications of fractures

Fractures are classified according to the morphology of their break. This study identifies
seven fractures, including transverse, oblique, spiral, comminuted, butterfly, and epiphyseal
(Salter-Harris). Fractures resulting from shrapnel impact are also identified, though these are
classified as their own category (i.e., projectile fractures) (Table 2.1). Fractures can either
additionally be characterized as complete or incomplete. A complete fracture is defined as a
discontinuity occurring in a bone that extends through the entire element. The fracture is
considered incomplete if the break does not extend through the bone, therefore maintaining some
continuity between the sections; this is often called an infraction (Byers, 2017). While the
fractures in this study typically manifest as complete fractures, they can occur as incomplete
fractures.

Table 2.1 Fracture types identified in this study.
Fracture Type
Transverse
Oblique
Spiral
Comminuted
Butterfly
Epiphyseal (Salter- Harris)
Projectile

Transverse fractures manifest at right angles in the long axis of bone and are the result of
angulation, or bending, forces applied to the element. Because a bone can withstand compressive
more so than tensile loading, the fracture propagates from the side experiencing pulling forces
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and, assuming larger tensile forces than compressive forces, quickly carries throughout the bone.
On the other hand, an oblique fracture often begins as a transverse fracture before the injury
propagates at an angle as shearing forces are introduced after the initial break. Spiral fractures
result from torsional forces which cause the break to propagate along the angle of rotation.
Comminuted fractures occur as a result of high levels of force and are characterized by two or
more fragments, which increase in number with load severity. Butterfly fractures are a type of
comminuted fracture that results in two bone segments and a small triangular wedge-shaped
fragment. Epiphyseal fractures occur on the pressure epiphysis and can extend into the
metaphysis; these are often referred to as Salter Harris fractures (Galloway et al., 2014). There
are several types of Salter Harris fractures, but these are all grouped as one category in this
study. Figure 2.3 depicts five of the seven fracture types identified in this study, and Figure 2.4
shows the types of Salter Harris fractures observed in this study.

Figure 2.3 Type(s) of force responsible for the production of transverse (a), comminuted
(b), butterfly (c), oblique (d), and spiral fractures (e and f).
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Figure 2.4 Three categories of Salter-Harris fractures. In this study, all Salter-Harris fracture
types, shown in panels a., b., and c., are grouped as one category.

2.2

Physics of an open-air blast
A blast occurs by the rapid transition from a solid or liquid to a gas (Mathews and

Koyfman, 2015), and this causes the creation of a blast wave, which is a result of the sudden
increase in atmospheric pressure over time (blast overpressure), as depicted in Figure 2.5. The
blast wave generates a forward displacement of air, called the blast wind and from this a positive
and negative phase propagates. The blast wind is the high pressure positive phase whereas the
negative pressure phase occurs behind the blast wind, creating a vacuum effect due to the lower
atmospheric pressure (Ciraulo and Frykberg, 2006). The positive pressure phase occurs fairly
rapidly, whereas the negative pressure phase dissipates much more slowly (Yeh and Schecter,
2012).
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Figure 2.5 Blast wave depicting peak over pressure, positive pressure phase, and negative
pressure phase of an open-air blast.

2.2.1

Categories of explosives

There are two main classes of explosives: high- and low-order explosives. High-order
explosives manifest as supersonic blasts with high velocities and do not combust through
deflagration but instead undergo a chemical conversion (Westrol et al, 2017). C-4, nitroglycerin,
and ammonium nitrate are examples of high-order explosives. Low-order explosives manifest as
a subsonic blast that generates lower velocities (Westrol et al., 2017) and combust through
deflagration (Mathews and Koyfman, 2015). Examples of this category of explosive include gun
powder, petroleum-based devices, and pipe bombs. All military grade explosive materials are
categorized as high-order explosives, whereas the majority of devices utilized by terrorists are
low-order explosives, though not exclusively (Mathews and Koyfman, 2015).
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The devices most often utilized by terrorists are IEDs. The Department of Homeland
Security defines IEDs as a homemade device utilized for destructive purposes (National
Academics and the Department of Homeland Security, n.d.). IEDs are most commonly utilized
by terrorists due to their relative ease of construction through readily available materials (e.g.,
gunpowder, gas) and ability to inflict harm, which can be compounded with the addition of
projectile materials. In comparison, high-order explosives are more difficult to obtain and
relatively unstable (Westrol et al., 2017).
2.2.2

Variables affecting a blast

There are numerous variables that impact the magnitude of both the blast and its
destructive capabilities. The deleterious effects of the blast wave are, in part, determined by the
composition of the device, the energy generated by the explosion, and the distance and elapsed
time from the detonation (Ciraulo and Frykberg, 2006). The amount of explosives used, their
categorization as either high- or low-order explosives (Mathews and Koyfman, 2015), as well the
thermal energy created by the blast event (Ramasamy et al., 2013) also contribute to the
destructive capabilities of an explosion. The addition of projectile materials such as screws, nails,
and metal fragments as well as biological components increases the damaging effects of the blast
(Westrol et al., 2017; Beaven and Parker, 2015). The addition of shrapnel in a blast event can
either be intrinsic to the device composition or created through the interaction with the blast
wave and the surrounding environment.
The location and surrounding environment of the blast event also determines the severity
of an explosion. Open-air blasts allow for a more rapid dissipation of the blast wave (Ciraulo and
Frykberg, 2006). In comparison, blast events that occur in an enclosed space, or near existing
structures such as walls, are magnified as the blast wave reflects off the surrounding structure,
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creating a reflected blast wave in addition to the incident wave (Garner and Brett, 2007). This
slows the blast wave dissipation (Mathews and Koyfman, 2015). Blast waves are also
strengthened underwater, with blast waves occurring at higher speeds and dissipating slower
(Ciraulo and Frykberg, 2006). From this, it is likely that the water content of soil (Zakrisson et
al., 2012), of which the device can be set upon, and humidity present in the atmosphere also
impacts the severity of an explosion.
2.3

Pathophysiology of blast injuries
The pathophysiology of blast injuries is classified according to the mechanisms that

produce the trauma. In a blast event, mechanisms of trauma can include the sudden pressure
changes created by the blast wave, impact from projectiles both from the device and the
surrounding environment, displacement by blast winds, and thermal energy (Westrol et al.,
2017). There are five types of blast injuries that are categorized by the U.S. Department of
Defense Directive 6025.21E: primary, secondary, tertiary, quaternary, and quinary. Primary,
secondary, and tertiary blast injuries are depicted in Figure 2.6. The type and severity of injury
depends on a plethora of factors such as device magnitude, device composition, surrounding
environment, and proximity to the device.
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Figure 2.6 Graphic depicting the mechanisms of injury to the skeletal structure from a
blast, including a) primary blast injury, which result from impact with the blast wave, b)
secondary blast injury, which occur as shrapnel and fragments impact the skeleton, and c)
tertiary blast injury, which result from bodily displacement by the blast wave.

2.3.1

Primary blast injuries

Primary blast injuries result from the overpressure generated by the blast wave (Beaven
and Parker, 2015). As this rapid blast wave impacts the body, it decelerates and accelerates as it
interacts with tissues of different densities, especially air-, fluid-, and gas- containing organs
(Westrol et al., 2015; Mathews and Koyfman, 2017). Common examples of primary blast
injuries affecting the soft tissue include tympanic membrane rupture, pulmonary damage, "blast
lung", and gastrointestinal perforation (Samra et al., 2014; Mathews and Koyfman, 2017; Yeh
and Schecter, 2012). The likelihood and severity of the injuries decrease the farther an individual
is positioned away from a blast epicenter (Beaven and Parker, 2015).
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No consensus exists in the literature on the classification of traumatic amputation of
limbs. Some categorize its occurrence as a result of the blast wave (i.e., primary blast injury)
(Dussault et al., 2014) while others credit it as a tertiary blast injury due to the flailing of the
limbs during bodily displacement by a blast (Westrol et al., 2017). Hull (1992) conducted an
experimental study utilizing a goat tibia in close proximity to the blast epicenter. This study
demonstrated that the limb could be fractured by the blast wave prior to any potential
displacement of the limb due to the blast, and that trauma could result from axial and shear
forces applied to the shaft of the long bones. If traumatic amputations resulted from the flailing
of the limbs as a tertiary blast injury (Dussault et al., 2014) it would be expected for traumatic
amputations to occur at the joints. Instead, Hull and Cooper (1996) found traumatic amputations
to occur along the proximal or distal portions of the diaphysis of long bones. It is feasible that the
occurrence of traumatic amputations can manifest due to the combination of the impact with
blast wave as well as bodily displacement from the blast wave. Mathews and Koyfman (2015)
are favorable of a combined primary and tertiary classification of traumatic amputations due to
the blast wave resulting in long bone fractures and the blast wind resulting in avulsion of the
limb.
2.3.2

Secondary blast injuries

Secondary blast injury to the skeletal system results from the interaction with fragments,
debris, and/ or shrapnel. These projectiles can either come from the device itself or by means of
the blast wave interacting with the surrounding environment. While military ordnances often
contain pre-formed, homogenous components, materials utilized in IEDs and homemade style
devices are often nonuniform and include easily accessible materials such as nails and scrap
metal (Mathews and Koyfman, 2015).
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Projectile trauma results from dynamically applied compressive and bending forces that
begin with a small focus and extends as the projectile passes through bone. The most substantial
factor on the severity of trauma produced by projectile material is the velocity at which the
shrapnel impacts the bone. If lower velocity shrapnel strikes the skeletal structure, the resulting
trauma is often irregular in shape and size and many fragments can remain encased in the bone
or soft tissue due to their lower impact force in comparison to gunshot wounds (GSW).
Additionally, low velocity fragments can also produce a “drill-hole” fracture as there is not
sufficient velocity to completely penetrate the secondary bone cortex. In contrast, high velocity
direct impact fragments will likely pass through the initial bone cortex and often penetrate the
secondary bone cortex, producing extensive fragmentation upon exiting and resulting in highly
comminuted fractures (Byers, 2017).
The type of projectile and its angle of axis at impact also affects the wound shape;
uniform projectiles are more likely to cause round and oval wounds while shrapnel, commonly
nonuniform materials, is more likely to cause irregular injuries. In addition, fracture lines
frequently appear in conjunction with projectile trauma as they form to help dissipate the force
applied to the bone (Byers, 2017). The degree of fragmentation and fracture size increases with
the velocity of the fragment(s) (Ramasamy et al., 2013). Therefore, victims who are closer to the
epicenter of a blast are subjected to more high velocity fragments, often leading to comminuted
fractures (Kimmerlee and Baraybar, 2008).
2.3.3

Tertiary blast injuries

Trauma resulting from the displacement of the body by the blast wave is categorized as
tertiary blast injuries (Balazs et al., 2015). These injuries can occur from bodily collision with the
surrounding environment and structures (Beaven and Parker, 2015) as well as from impact with
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structural debris generated by the blast (Balazs et al., 2015). As discussed previously, traumatic
amputations may occur as a result of displacement by the blast wave, in conjunction with its
impact.
The displacement of the body due to the blast wave can result in blunt force trauma
(BFT) due either to impact with the ground or other surrounding infrastructure (Kimmerlee and
Baraybar, 2008; Balazs et al., 2015). BFT is an injury caused by a low velocity force over a wide
area of bone and can result from dynamically applied compressive, bending, or shearing forces.
Typically, BFT results from the impact of hard instruments, such as clubs, as well as falls and
motor vehicle accidents (Byers, 2017; Komer and Buikstra, 2008).
2.3.4

Quaternary and quinary blast injuries

Quaternary blast injuries are those that arise as an indirect by-product of the blast. These
injuries include burns and smoke inhalation (Balazs et al., 2015). A final fifth category of
trauma, often excluded from the literature, is quinary blast injuries. This last mechanism of
injury is characterized by the delayed effects of being subjected to a blast event and can include
chronic pain, post-traumatic stress disorder, and immunosuppression, among others (Beaven and
Parker, 2015). Both quaternary and quinary blast injuries do not manifest on the skeletal
structure and are therefore not examined in this study.
2.4

Injury patterns in previous research
Very few anthropological blast trauma studies have been conducted (Christensen et al.,

2012; Christensen and Smith, 2013). Beyond the two studies presented by Christensen and
colleagues (2012; 2013), the majority of the available information stems from medical literature,
of which soft tissue injuries are typically prioritized over those affecting the musculoskeletal
system. Additionally, medical literature often focuses on the initial response and triage necessary
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to support lifesaving efforts immediately following a blast event, such as the Boston Marathon
Bombing. Combat literature is also a beneficial source of information on blast trauma, but
perhaps is not as applicable to civilian scenarios due to the likelihood of soldiers wearing combat
gear.
Christensen and colleagues (2012; 2013) are among the only studies to directly test the
response of the skeleton to an explosion utilizing a porcine model. Despite the scarcity of
anthropological literature available on blast trauma, preliminary results from studies by
Christensen and colleagues (2012; 2013) have indicated that it is possible to distinguish blast
trauma from other types of trauma, such as blunt force and ballistic, when analyzing the
patterning and distribution of trauma in the entire skeleton. In 2012, Christensen et al. employed
four different blast scenarios in order to examine the differing effects on the skeletal system.
Then in 2013, Christensen and Smith examined rib fracture patterns in pigs subjected to blasts of
varying charges and compositions at fluctuating distances as well as in manually loaded dry pig
ribs.
The scenarios tested by Christensen et al. (2012) included water detonations, varying
device charges with direct contact to the pigs, victim proximity to the device, and device
composition (i.e., the inclusion of shrapnel). They found a positive correlation with skeletal
trauma as device charge increased, with specimens situated in closer proximity to the device, and
with the inclusion of shrapnel. Comminuted fractures were commonly observed on the long
bones, scapulae, and innominates. Also detected were traumatic amputations of the upper and
lower limbs, and fractures to the axial skeleton and head. The blast trauma in this study reflected
aspects of differential loading forces, and the patterns manifested more randomly than trauma
associated with other types of traumatic injury (e.g., blunt force).
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Also present in the anthropological literature are comparisons between blast force trauma
and that of gunshot trauma. Dussault and colleagues (2014, 2016) conducted two reviews that
assessed both blast trauma and gunshot trauma and their respective distributions by bodily
region. Gunshot trauma tended to be isolated to one or two regions of the body, typically
concentrated in the neurocranium, vertebral column, and ribs, while blast trauma included these
elements in addition to the extremities (both lower and upper limbs). The patterning of blast
trauma presented here can be useful in identifying skeletal injuries arising from other causes,
specifically GSWs.
From these studies, it is clear that characteristics of blast trauma can be identified and
applied in forensic anthropological contexts (Dussault et al., 2017). Cases with other types of
trauma, such as blunt force or sharp force trauma, typically present a sole mechanism of injury.
Additionally, these types of trauma tend to be localized to vulnerable areas, such as the cranium.
However, features such as multitrauma and the distribution over various bodily regions seem to
generally characterize blast trauma, though this is evidently variable and contingent on a number
of factors and scenarios. Blast trauma is rarely localized to one bodily region but distributed
across several, with higher frequencies of trauma occurring in the postcranial skeleton.
Furthermore, medical reports offer additional evidence of the patterning and distribution
of blast trauma. Several reports on the blast trauma resulting from the Boston Marathon
Bombing have been published (Singh et al., 2014; 2015; 2016). The victims of this terrorist
attack sustained trauma from primary, secondary, and tertiary mechanisms of blast trauma, with
secondary injuries being the most prevalent, likely owing to the inclusion of nails and ball
bearings in the device (Singh et al., 2014; NY Daily News, 2013). Secondary blast injuries were
again the predominant mechanism of blast trauma in civilians subjected to the 2015 explosions in
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Tianjin, China (Yu et al., 2016), though this explosion occurred in a container storage station,
compounding the effects of the blast wave and generating more projectile materials.
Of the injuries sustained in the Boston Marathon Bombing, trauma to the lower limbs and
pelvic girdle were the most common (Singh et al., 2014), while head and neck injuries were only
observed in 10% of radiographed cases due to the low-order explosives used in this attack (Singh
et al., 2015). The findings of the Boston Marathon Bombings are in agreement with a review of
the clinical literature by Dussault et al. (2014). Patterns of injury associated with blast trauma in
acts of terrorism utilizing explosive devices were identified, in which truama to the extremeties
were most frequent, specifically the lower limbs, followed by the head. A review of data
gathered from combat pateint registeries on IED injuries again primarily saw the manifestation
of traumatic amputations of the lower limbs as well as fractures to the pelvic girdle (Oh et al.,
2016). The infrequency of injuries to the torso and head in this scenario can be attributed,
partially, to the use of protective combat gear.
From this review of anthropological and medical literature above, it is apparent that more
research is needed on the effect of a blast on the skeletal system. In order for forensic
anthropologists to be able to better contribute to investigations in the contexts of human rights
violations and acts of terrorism, more studies into the patterning and distribution of blast trauma
in various scenarios is necessary. Thus, this study aims to begin addressing these problems using
a sample of euthanized wild pigs that were subjected to a blast from IED style devices.
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METHODS AND MATERIALS

This study examines the postcranial trauma specific to the appendicular skeleton
(including the pelvis), sustained by wild pigs from a blast event. The inclusion of shrapnel and a
plywood wall in this blast scenario created two groups of pigs: those exposed to shrapnel
(“shrapnel pigs”) and those positioned in front of a wall (“wall pigs”). This study aims to explore
the fracture patterns and distribution of trauma in the appendicular skeleton resulting from blasts
utilizing IED style devices, as well as the effect of the wall and shrapnel scenarios on the
skeleton.
The following chapter covers the sample utilized in this study and the project design in
sections 3.1 and 3.2. The following three sections, 3.3, 3.4, and 3.5, discuss the data collection,
statistical analysis employed, and expected results of the study.
3.1

Sample
The sample utilized in this study derives from the Anthropological Post- Blast Research

Collection housed at Kennesaw State University (KSU), Kennesaw, Georgia, which is under the
curation of the Principal Investigator, Dr. Alice Gooding. The sample consists of juvenile wild
pigs, Sus scrofa, (N=32), previously trapped as pests and euthanized by a single gunshot to the
frontal region by the United States Department of Agriculture (USDA) and by private groups.
For this study, only the appendicular skeleton, including the pelvis, was analyzed. Cranial
trauma was not analyzed due to the marked anatomical differences between pig and human
skulls as well as the perimortem injury inflicted by the GSW. Additionally, the carpals/ tarsals,
metacarpals/ metatarsals, and phalanges were also excluded due to incomplete recovery of these
small elements and their poor transferability as a model for human distal appendages.
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Pigs were chosen, in part, due to their relative suitability to serve as an anatomical proxy
for humans, as well as the cost- effectiveness and ease of access. It is also more ethically
agreeable to subject pigs, instead of human body donors, to trauma research studies (Davidson et
al., 1987). Though recent studies have shown results indicative of wild pigs being an unsuitable
decomposition proxy for humans (Keough et al., 2017; Connor et al., 2017), they have been
routinely utilized for decades in medical research (Beraldi et al., 2017; Zhang et al., 2017) as
well as anthropological trauma research (Jordana et al., 2013; Weiberg and Wescott, 2008) due
to their anatomical similarities with humans.
In order to further their efficacy as a human proxy and mimic a standing position, the
pigs were situated upright be means of a metal skewer affixed to ground support, with wooden
blocks placed underneath them in order to raise the pig off the ground. Previous studies on the
effect of a blast on the skeletal system of a pig, including Christensen et al. (2012), have
employed similar strategies designed for the pigs to approximate the stance of a bipedal human.
Given that it is common for IEDs to be placed on the ground, such as in the Boston Marathon
Bombing, the pigs were positioned upright in order to expose the entire ventral surface to face
the blast with the hind limbs inferiorly placed to mimic the bipedal stance of humans.
An additional consideration was the use of recently euthanized pigs. Since the goal of the
research project was to determine the fracture patterns characteristic of an experimental blast
scenario, it was necessary to first evaluate whether pig postmortem bone would respond to
biomechanical load similar to live bone in order to ensure the transferability of results to humans.
Generally, it has been acknowledged that recently dead bone responds to loading similar to that
of live bone given the retention of moisture content and collagen flexibility within the soma
(Jordana et al., 2013; Weiberg and Wescott, 2008; Galloway et al, 2014). Studies have found the
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moisture content of bone to correlate with fracture morphology, which is used determine peri- or
postmortem fracture production (Jordana et al., 2013; Weiberg and Wescott, 2008). Jordana et al.
(2013) found differences in fracture morphology between fresh and dry bone. Additionally, dry
bones with and without residual moisture presented with a different fracture morphology. In this
study, given the pig remains were still encased in soft tissue, the moisture content and fracture
morphology should compare to that of living bone. Therefore, recently euthanized pigs in lieu of
live pigs should not confound the fracture patterns.
While pigs have been utilized in medical and anthropological studies as a suitable proxy
for humans, there are several aspects of pig anatomy that are distinct. For example, the bone
microstructure of pigs consists of plexiform bone, which allows for a more rapid development,
and could potentially create differences in fracture production (Zephro et al., 2014). There are
also differences in the functional anatomy of pigs due to their quadrupedal locomotion (Cartmill
and Smith, 2009). Additionally, the 32 pigs of this study were subadults. All retained portions of
their deciduous dentition and lacked complete epiphyseal fusion; however, they could be
classified as adolescents and not infants. Ideally, skeletally mature pigs would be selected for
trauma research as subadult bone is more elastic, and therefore more capable of resisting
deformation, compared to adult bone. However, the availability was limited to subadult
specimens.
3.2

Project Design
IEDs are often employed by perpetrators given the relative ease of access to materials and

the ability of these explosives to inflict harm. A study by Christensen et al. (2012) utilized C4, a
military grade explosive; however, IEDs are often used by perpetrators and are more easily
obtained. Therefore, it is important to document how this category of explosive affects the

25
skeleton. This study utilized homemade style devices to mimic the IED commonly utilized in
these scenarios. The devices were identical and constructed from over-the-counter materials, and
the shrapnel material included everyday objects such as ball bearings and screws.
The project was designed by the Principal Investigator, Dr. Alice Gooding, as part of a
larger study examining the effects of various blast scenarios on the postcranial skeletal system.
Each of the blast events consisted of two pigs, a blast device housed in a five-gallon plastic
bucket, and a 6' x 8' plywood wall; both pigs were positioned 5’ from the device (Fig. 3.1). A
sealed bag of mixed metals (e.g., screws, pellets) was positioned on the outer surface of the
bucket toward only one pig (i.e., the “shrapnel” pig) in order to limit the exposure of this
material to the designated pig. The other pig, the "wall" pig, had a plywood wall positioned
another 5 feet behind it. In order to avoid confusion, pigs exposed to shrapnel are referred to as
shrapnel pigs whereas traumatic injuries resulting from the shrapnel are categorized as projectile
fractures. The inclusion of the plywood wall and shrapnel seeks to explore the effects of these
variables on the severity, type, and distribution of fracture production. A total of 16 blast events,
each event containing two pigs, were conducted in Fall 2015 in Augusta, GA, Spring 2016 in
Rome, GA and Spring 2017 in Augusta, GA over a total of four days (Table 3.1).in Augusta,
GA, Spring 2016 in Rome, GA and Spring 2017 in Augusta, GA over a total of four days (Table
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Figure 3.1 Experiment design set up displaying "wall" pigs (left) and "shrapnel" pigs
(right) with the centralized blast devices in Fall 2015 in Augusta, GA. The “wall” pigs (left) are
positioned in front of a plywood wall. The shrapnel bag affixed to the blast device is not
photographed, which, after being mounted, would be facing the “shrapnel” pig (right). (Photo
courtesy of Dr. Alice Gooding.)

Table 3.1 Date, location, and sample sizes of each series of blast events. Given the larger
sample size of the Augusta, GA Spring 2017, these blast events occurred over a two-day period.
Augusta, GA Fall 2015 and Rome, GA Spring 2016 both occurred on a single day.
Date
Fall 2015
Spring 2016
Spring 2017

Number of specimens
6
6
20

Location
Augusta, GA
Rome, GA
Augusta, GA
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Blast events were separated from one another by approximately 50 meters in order to
decrease the possibility of commingling. The pigs were spray-painted different colors in order to
aid in identification during post-blast recovery. There was little cross contamination due to the
conical distribution of remains created by the blast.
3.2.1

Execution of blast events

The project design set up and post-blast scene was managed by the Anthropology PostBlast Research Team (APRT) of Kennesaw State University. This team is led by the Principal
Investigator, Dr. Alice Gooding, and assisted by a series of KSU undergraduate students and
alumni. The author, an alumna of KSU, has participated as a field technician with APRT since
2015, prior to assisting in the accessioning of the skeletal collection and conducting the trauma
analysis of the appendicular skeleton for this thesis.
All blast events were under the control and supervision of law enforcement bomb squads.
After the set-up of the blast events, the scene was cleared for the assembling of the device’s
charges by the bomb squad technicians. The blast devices were low-order explosives to
approximate the IEDs commonly utilized in acts of terrorism and human rights abuses. Blast
devices were sequentially detonated, and the scene was cleared for access by the bomb squad
technicians before APRT was allowed to reenter the scene.
3.2.2

Data recovery, maceration, and accessioning

Prior to the recovery of the remains, each blast event was walked by APRT members and
remains of the pigs, associated structures (e.g., walls, skewers), and blast device remnants were
pin-flagged. As each item was mapped, the pin-flag was labeled with the associated marker (e.g.,
A14) for that coordinate. Pig remains were then field dressed (internal organs, skin, and hair
removed) prior to being bagged and removed from the scene. The labelled pin flag was bagged
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with the remains and an additional duplicate sticker was created for the external surface of the
bags in order to ensure correct identification and reassociation of each set of remains. Pelvic and
lower limb elements that separated from the trunk were mapped and bagged independently in
order to record the occurrence of traumatic amputations.
Remains were then transported to a separate location for decomposition. Each pig
decomposed in a cage constructed of lumber and ½ inch hardware cloth for enough time for
sufficient soft tissue decomposition to occur. After the pig remains were primarily skeletonized,
they were collected and macerated to remove any remaining soft tissue before being allowed to
dry. Once the pig remains were dried, they were transported to the Anthropology Laboratory at
KSU for accessioning and storage.
Each pig was assigned a catalog identifier corresponding to: 1) city where the blast event
occurred, 2) the year of the blast event, and 3) a specific blast event, represented by ascending
letters. An additional constant of either 1 or 2, the last component of the catalog number, is
arbitrary and refers to the two groups of pigs (i.e., wall and shrapnel) in each blast event. A pig
with the catalog number of A17A2 would reflect the pig of the first blast event occurring in
Augusta, Georgia in 2017. A breakdown of catalog identifiers are listed in Table 3.2, and Table
3.3 lists the specimen labels by blast event location.

Table 3.2 Breakdown of the components of catalog identifiers.
First Letter
City of the blast
event, either Augusta
or Rome

First Number
Year of the blast
event, either 2015,
2016, or 2017

Second Letter
Specific blast event,
from A to J
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Table 3.3 Blast event location and dates with corresponding specimen labels.
Augusta, GA 2015
A15A1, A15A2, A15B1,
A15B2, A15C1, A15C2

3.3

Rome, GA 2016
R16A1, R16A2, R16B1,
R16B2, R16C1, R16C2

Augusta, GA 2017
A17A1, A17A2, A17B1,
A17B2, A17C1, A17C2,
A17D1, A17D2, A17E1,
A17E2, A17F1, A17F2,
A17G1, A17G2, A17H1.
A17H2, A17I1, A17I2,
A17J1, A17J2

Data collection
The appendicular skeleton of each pig was laid out in anatomical position (Fig. 3.2) and

macroscopically analyzed for seven fracture categories, including transverse, spiral, oblique,
comminuted, butterfly, and epiphyseal (Salter Harris), as well as trauma visibly resulting from
the impact of shrapnel material (Fig. 3.3 and 3.4). There were three types of Salter Harris
fractures identified in this study, including types two through four, though they were classified as
one category. Type two includes skeletal damage that forms in the metaphyseal portions of the
bone, while type three includes fracturing in only the articular surface. Type four includes
skeletal trauma to both regions (Figure 3.4). Another type, one, involves the separation of the
cartilaginous growth plate, although these are hard to identify in the skeleton and often require
radiographic validation (Galloway et al., 2014). Projectile fractures are characterized by either
the presence of shrapnel material itself, remnants of shrapnel on the bone (e.g., rusting), or
evidence of shrapnel such as drill holes (Fig. 3.5). While shrapnel impact can result in other
types of fractures, such as comminuted, only those definitively resulting from shrapnel were
categorized as such.
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Figure 3.2 Elements were laid out in anatomical position for data collection. Note that
there is minimal fragmentation of the elements on A17D2 (left), while A17F1 (right) has
extensive fracturing especially of the hind limbs, which experienced traumatic amputation of the
right and left hind limbs.
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Figure 3.3 Five of the seven fracture types identified in this study, including: a)
transverse, b) comminuted (moderate), c) butterfly, d) oblique, and e) and f) spiral. Panel e)
shows the vertical step portion of a spiral fracture on the anterior side of the tibia while f)
illustrates the fracture propagation along the angle of rotation on the posterior portion of the
tibia. Scale bar= 1cm.

Figure 3.4 The three types of Salter Harris fractures identified, as one category in this
study, including: a) Type 2, which involves fracturing of the metaphysis, b) Type 3, which affects
the articular surface, and c) Type 4, which manifests in both the metaphysis and articular
surface. Scale bar= 1cm.
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Figure 3.5 Examples of shrapnel fractures. Scale bar= 1cm.

Data were collected for each fracture and recorded in a Microsoft Excel (2016)
spreadsheet. Information documented for each fracture included: catalog number, day of blast
event, wall or shrapnel pig, size proxy (minimum humeral circumference), bone, body region,
side, location of fracture (e.g., diaphysis), fracture type, complete or incomplete trauma, and
whether the element separated from the trunk. Entries were coded to allow for statistical analysis.
Separate spreadsheets were collected for the long bones, scapulae, and innominates as well as
those elements that were separated from the trunk. Additionally, all fractures from the limbs,
scapulae, and innominates were compiled into a master spreadsheet in order to document the
distribution of fractures by body region.
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3.4

Analysis
The data were analyzed using IBM Statistical Package for the Social Sciences (SPSS)

Statistics 25 (2017). Analysis focused on differences in the fracture types and distribution and
the occurrence of traumatic amputations between the two groups of pigs. Correlations between
test variables, such as fracture types, total fracture count, size, and experimental blast days were
also included to identify whether a relationship between these variables existed.
Given the variation in body size of the 32 pigs utilized in this study, a metric proxy for
body mass was approximated to determine whether size was related to the patterning and
distribution of fractures and other test variables. In human samples, equations utilizing femoral
head diameter are a common mechanical method for the estimation of body mass from the
skeleton given the weight bearing responsibilities of this articulation (Auerbach and Ruff, 2004;
Stock and Shaw, 2007). Mechanical methods typically include articular and/ or diaphyseal
dimensions. However, the diaphysis is more plastic with respect to external stimuli, such as
activity level, whereas the articular surface area is under greater genetic control (Auerbach and
Ruff, 2004; Lieberman et al., 2001; Stock and Shaw, 2007). Unlike humans, the femoral head is
a poor proxy for body mass in pigs given the strict quadrupedal locomotor repertoire.
A review of the literature revealed a body mass estimation method that was applicable to
quadrupeds (Campione and Evans, 2012). This study examined the scaling relationship between
proximal limb bone dimensions, most importantly minimum circumference, and body mass.
They found, across the taxa examined, the strongest correlations with body mass (r= 0.9676 for
ungulates) for summed minimum humeral and femoral circumferences. Strong correlations were
retained when the authors investigated the limb dimensions versus body mass in mammals of
different sizes, ranging from less than 20 kg and greater than 100 kg. Additionally, body mass
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regressions using humeral circumference and total circumference (humeral and femoral) had low
mean percent prediction error. They concluded that the minimum circumference of the diaphysis
is related to body mass and less influenced by activity levels in quadrupeds (Campione and
Evans. 2012).
Since minimum femoral circumference was impossible to capture for the majority of the
pigs due to heavy fracturing of the hind limbs, minimum humeral circumference was selected as
the size proxy in this study given the strong correlation with body mass (r= 0.9473). Minimum
humeral circumference was captured for the entire sample, with the exception of R15C1 which
had extensive trauma to both humeri such that the measurement was unable to be taken. In this
case, femoral circumference was used to estimate humeral circumference in R15C1 given the
strong positive correlation between the two variables in this study (r= 0.901). In all other cases,
minimum humeral circumference was employed as the proxy for body size.
The central questions explored in the analysis include:
➢ Comparison between wall and shrapnel pigs by fracture classification: The first analysis
explored the differences between wall and shrapnel pigs by fracture types. The bones of
the appendicular skeleton were examined in three groups including: long bones (i.e.,
humerus, ulna, radius, femur, tibia, and fibula), innominates, and scapulae. Analysis
sought to determine whether statistically significant differences existed between wall and
shrapnel pigs in the frequency of the fracture types, total fracture count, and complete and
incomplete trauma.
➢ Comparison between wall and shrapnel pigs by body region: Additional analyses
explored the frequency distribution of trauma across the appendicular skeleton by body
region (i.e., long bones, innominates, and shoulder) regardless of fracture type. Were
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there statistically significant differences in the distribution of the frequency of fractures
as well as total fracture count and complete and incomplete trauma between wall and
shrapnel pigs?
➢ Comparison between wall and shrapnel pigs by traumatic amputation: Is there a
statistically significant difference in the frequency of occurrence of traumatic
amputations between wall or shrapnel pigs? Given the variability in points of traumatic
amputation, the analysis only focused on the differences in frequency, followed by a
review of what elements experienced traumatic amputations in the Discussion.
Basic descriptive statistics were generated for each question. Because the dataset is relatively
small and features data that are not normally distributed, a nonparametric Mann- Whitney U test
was selected to test for differences between the groups, where α= 0.05. Significant p values were
recorded, and the mean ranks were examined to identify the directionality of significant
differences between the two groups of pigs. Mann- Whitney U tests were again employed to
determine if some results could be explained by the various experimental days of the blast events
given potential differences in weather conditions or other factors. Lastly, bivariate Pearson
correlations were conducted on all relevant variables, including body mass, fracture types,
individual bones, and total fracture count to assist in interpreting the results from the MannWhitney U tests.
3.5

Expectations
There are expected to be differences between wall and shrapnel pigs due to the design of the

blast scenario. Given that blast waves in enclosed areas are intensified due to the reflection of the
wave off of structures, it was anticipated that the addition of a 6’ X 8’ plywood wall would
produce some trauma patterns that were unique from shrapnel pigs. Alternatively, shrapnel pigs
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were exposed to a mixed composition of metal components. The inclusion of shrapnel typically
increases the severity of fractures produced by a blast due to the generally high velocity impact
of this material with the bone. Therefore, it is projected that shrapnel pigs will sustain a trauma
pattern characterized by increased fracture severity from that of wall pigs.
➢ Comparison between wall and shrapnel pigs by fracture classification: It is hypothesized
that there will be differences between wall and shrapnel pigs with respect to the types of
fractures sustained, creating two suites of trauma. Shrapnel pigs, due to the proximal
orienting of the affixed shrapnel bags, should exhibit more comminuted and projectile
fractures due to the increase in fracture severity from the impact of high-velocity
projectiles. In contrast, wall pigs should exhibit more oblique, transverse, and spiral
fractures given the lack of shrapnel damage, as well as the combination of compressive,
tensile, and angulation forces applied from the blast wave and its reflectance off of the
wall. Due to the generally dynamic loading of blast force trauma as well as the close
proximity to the device, it is expected that more complete versus incomplete fractures
will be evident. However, shrapnel pigs are expected to display more incomplete
fractures than wall pigs due to the higher probability of projectile injuries becoming
embedded in the bone.
➢ Comparison between wall and shrapnel pigs by body region: Additionally, differences are
expected between wall and shrapnel pigs with respect to the frequency distribution across
the appendicular skeleton. Given this study design in which the pigs are positioned
upright and facing the device as well as in close proximity to the epicenter, a higher
frequency of lower body (i.e., lower limbs and pelvic girdle) than upper body fractures is
expected to occur. Additionally, it is anticipated that shrapnel pigs, due to the inclusion of
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projectile materials, will experience a greater total number of fractures than wall pigs
throughout the appendicular skeleton as well as a higher likelihood of fractures sustained
in the upper body (i.e., humerus, ulna, radius, and scapula).
➢ Comparison between wall and shrapnel pigs by traumatic amputation: With respect to
traumatic amputations, it is hypothesized that a higher frequency will be observed in wall
pigs due to the reflection of the blast wave off the wall exposing this group to several
directions of force, such as compression, torsion, and angulation, with the assumption
that the plywood wall is sufficiently dense to produce the anticipated blast wave
reflection.
It is expected that general characteristics of blast trauma in this specific scenario will emerge.
Given the effects of the blast wave and shrapnel, blast trauma is anticipated to be characterized
by high degrees of fragmentation and non-localized blunt force and projectile, high-velocity
traumas.
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4

RESULTS

The following chapter provides the results from the statistical analyses employed in this
study. The first section, 4.1, provides general frequencies of fracture categories for the entire
sample. Section 4.2 explores the differences between the two pig groups with respect to the
fracture types in the long bones, innominates, and scapulae. Additionally, section 4.3 details the
frequency of fractures across the entire appendicular skeleton, and section 4.4 examines
differences in traumatic amputations between the groups. Section 4.5 examines any differences
between the four experimental blast days with respect to fracture types, distribution of trauma by
body region, the occurrence of traumatic amputations, and the size of the pigs. Finally,
correlation tables of test variables such as size, fracture types, and body regions are presented in
Section 4.6.
4.1

Descriptive statistics
There were a total of 448 fractures in the entire pooled sample. Wall pigs presented with

168 fractures while shrapnel pigs sustained roughly 1.7 times this amount, with 280 fractures
observed (Table 4.1). The amount of each fracture type in each of the two groups is shown in
Table 4.1, and Table 4.2 shows the number of complete and incomplete trauma sustained by wall
and shrapnel pigs.
Table 4.1 Number of fractures by type between wall and shrapnel pigs as well as total
frequencies.
Transverse

Oblique

Spiral

Comminuted

Butterfly

Wall

14

29

5

54

38

Salter
Harris
20

Projectile

Total

8

168

Shrapnel

10

23

7

90

35

34

81

280

Total

24

52

12

144

73

54

88

448

39
Table 4.2 Number of complete and incomplete trauma for wall and shrapnel pigs.

4.2

Complete

Incomplete

Total

Wall

145

23

168

Shrapnel

215

65

280

Total

360

88

448

Comparison between wall and shrapnel pigs by fracture classification
Analysis was first conducted to explore differences in the fracture types between wall and

shrapnel pigs with respect to the types of fractures sustained by both groups. Due to the
morphological and anatomical placement differences between long bones and flat bones, three
groups were created for analysis: long bones, innominates, and scapulae. All seven fracture types
manifested in the long bones whereas the innominates and scapulae only presented with a portion
of this trauma.
Long bones
The long bones included in the analysis were the humerus, ulna, radius, femur, tibia, and
fibula. Both group of pigs sustained a total of 345 fractures, which comprise nearly 75% of the
total fractures (n=448) collected across the appendicular skeleton. When delineated by groups,
wall pigs experienced 124 fractures which accounts for 74% of their total fractures; on the other
hand, shrapnel pigs had 221 fractures sustained which was approximately 79% of their total
trauma in these bones. The frequency of each fracture type is depicted in Figure 4.1. Shrapnel
pigs exhibit higher numbers of spiral, comminuted, butterfly, Salter Harris, and projectile
fractures, whereas for wall pigs sustained more transverse and oblique breaks.
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Figure 4.1 Frequency of transverse, oblique, spiral, comminuted, butterfly, Salter Harris, and
projectile fractures sustained in the long bones in wall and shrapnel pigs.

In order to determine whether differences existed between the two groups with respect to
frequency of fracture types, as well as the amount of complete versus incomplete trauma, a
Mann-Whitney U test was used. The variables included were the seven fracture types, complete
and incomplete trauma, and total fracture count. Of these, statistically significant differences (p<
0.05) between wall and shrapnel pigs were observed in comminuted (p= 0.012) and projectile
(p= 0.000) fractures as well as total fracture count (p= 0.001) and both complete (p= 0.003) and
incomplete (p= 0.016) trauma (Table 4.3). Mean ranks were consistently higher across all
variables in the shrapnel pig group, with the exception of transverse fractures (Table 4.3).
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Table 4.3 Results from a Mann- Whitney U test conducted to determine differences in fracture types between wall and shrapnel pigs.
Significant variables (α= 0.05) are designated by an asterisk.

Transverse

Oblique

Spiral

Comminuted

Butterfly

Salter
Harris

Projectile

Complete

Incomplete

0.000*

Total
fracture
count
0.001*

Asymp.
Sig. (2
tailed)

0.196

0.871

0.441

0.012*

0.523

0.167

0.003*

0.016*

Wall mean
rank

18.19

16.25

15.53

12.44

15.47

14.28

10.56

10.84

11.56

12.59

Shrapnel
mean rank

14.81

16.75

17.47

20.56

17.53

18.72

22.44

22.16

21.44

20.41
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Innominates
The pelvic girdle only sustained a subset of the seven fracture categories in this study:
transverse, oblique, comminuted, butterfly, and projectile. There were a total of 93 fractures
across the innominates for both groups, which represents approximately 21% of all fractures
sustained in the appendicular skeleton. There were a total of 41 fractures sustained by the wall
pigs, which represents about 24% of trauma observed in this group across the appendicular
skeleton. Alternatively, shrapnel pigs had 52 fractures, which accounts for only about 18.5% of
trauma collected in the appendicular skeleton. Figure 4.2 shows the frequency of fracture type
sustained by wall and shrapnel pigs.

18

17

17

16

Number of fractures

14

13
12

12

11

10
8
8

7

6
4
4

3

2

1

0
Transverse

Oblique

Comminuted

Butterfly

Projectile

Fracture Type
Wall

Shrapnel

Figure 4.2 Frequency of fracture types sustained by wall and shrapnel pigs in the pelvic girdle.

A Mann-Whitney U test was conducted to test for differences in the fracture patterning in
the innominates between wall and shrapnel pigs. This test included the following variables: the

43
five fracture types, total fracture count, and complete and incomplete trauma (Table 4.4). Of
these variables, projectile fractures (p= 0.000) and incomplete trauma (p= 0.017), had mean
ranks that were significantly higher for shrapnel pigs than they were for wall pigs. However, the
mean rank for butterfly fractures (p= 0.039) was significantly higher among wall pigs than
shrapnel pigs.

Table 4.4 Mann- Whitney U results for differences between wall and shrapnel pigs with respect
to the fracture categories, complete and incomplete trauma, and total fracture count. Significant
p values (α= 0.05) are designated by an asterisk.
Transverse

Asymp.
Sig. (2
tailed)
Wall
mean
rank
Shrapnel
mean
rank

Oblique

Comminuted

Butterfly

Projectile

Complete

Incomplete

0.000*

Total
fracture
count
0.181

0.412

0.206

0.183

0.039*

0.490

0.017*

15.47

18.38

14.44

19.38

11.31

14.31

15.38

13.03

17.53

14.63

18.56

13.63

21.69

18.69

17.63

19.97

Scapulae
Only oblique, comminuted, and projectile fractures were observed in the shoulder girdle.
Another important note on the scapulae was the small sample size of scapular fractures (n= 10),
which only represents approximately 2% of the total trauma sustained to the appendicular
skeleton. Frequencies of trauma in this bone were relatively equal between the two groups;
scapulae fractures represented 2% of the overall fractures in the appendicular skeleton in wall
pigs and 2.5% in shrapnel pigs. Figure 4.3 shows the frequency of fracture types between wall
and shrapnel pigs in the scapula. Statistical analysis was not conducted on this element given the
small sample size.
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Figure 4.3 Frequency of fracture types in the scapulae between wall and shrapnel pigs.
4.3

Comparison between wall and shrapnel pigs by bodily region
This section focuses on the analysis of all 448 fractures sustained and tests for the

expected fracture patterns across the entire appendicular skeleton between the two groups. The
bodily regions are divided as such: upper limb (humerus), lower forelimb (ulna and radius),
upper hind limb (femur), lower hind limb (tibia and fibula), pelvis, and shoulder (scapula).
Figures 4.4 and 4.5 display the frequency of fractures by body regions and bones, respectively,
between wall and shrapnel pigs.
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Figure 4.4 Frequency of fractures for wall and shrapnel pigs by body region.

60

Number of fractures

51
50

48
43

37

40
30
16

20
10

5

16
3

0
Ulna

Radius

Tibia

Fibula

Bone
Wall

Shrapnel

Figure 4.5 Frequency of fractures for body regions with multiple elements (i.e., ulna/ radius and
tibia/ fibula).

A Mann-Whitney U test was conducted to test for differences between wall and shrapnel
pigs with respect to the frequency of fractures by bodily region, the total number fractures, and
complete and incomplete trauma. An additional Mann-Whitney U test was used for body regions
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that have more than a single skeletal element, such as the lower forelimb, which features the ulna
and radius. Probability values and mean ranks are reported in Table 4.5.
When comparing wall and shrapnel pigs, significant differences were observed only in
the upper forelimbs (p= 0.038), upper hind limbs (p= 0.000), and shoulder (p= 0.049). When
examining those body regions with multiple elements, Mann-Whitney U results further
elucidated the frequency distribution between the two groups with respect to the individual
bones. A lack of significance was found when the ulna and radius were analyzed independently.
The lower hind limbs did not present with statistically significant differences when analyzed as a
region, but differences existed when examining the tibia and fibula independently. The tibia (p=
0.017) showed significant differences exist between groups, whereas the fibula (p= 0.438) did
not; this indicates that the lack of significant differences between wall and shrapnel pigs in the
fibula drove the results for the combined lower hind limbs. Additionally, the mean ranks are
significantly higher for the shrapnel pigs with respect to total fracture count (p= 0.001) and
complete (p= 0.009) and incomplete (p= 0.003) trauma.
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Table 4.5 Results from a Mann-Whitney U test conducted to determine differences in fracture frequencies by body region as well as
total fracture count and complete and incomplete trauma between wall and shrapnel pigs. Significant variables (α= 0.05) are
designated by an asterisk.

Asymp.
Sig. (2
tailed)
Wall mean
rank
Shrapnel
mean rank
P value
and mean
ranks for
individual
elements

Upper limb

Fore
limb

Lower hind
limb

Innominate

Shoulder

0.086

Upper
hind
limb
0.000*

0.038*

0.054

0.181

13.31

13.63

10.22

13.38

19.69

19.38

22.78

N/a

Ulna:
p= 0.074
W= 13.94
S= 19.06

N/a

Radius:
p= 0.059
W= 13.94
S= 19.06

Complete

Incomplete

0.049*

Total
fracture
count
0.001*

0.009*

0.003*

14.31

13.94

10.75

12.19

11.72

19.63

18.69

19.06

22.25

20.81

21.28

Tibia:
p= 0.017*
W= 12.78
S= 20.22

N/a

N/a

N/a

N/a

N/a

Fibula:
p= 0.438
W= 15.25
S= 17.75
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4.4

Comparison between wall and shrapnel pigs by traumatic amputation
Traumatic amputations occurred when lower body elements separated from the trunk of

the pig; these elements were assigned a separate mapping coordinate. It was possible for a single
pig to sustain multiple traumatic amputations. For example, a pig could sustain separate
traumatic amputations of the inferior innominate/ femur and the tibia/ fibula. Of the 32 pigs
utilized in this study, only 11 experienced traumatic amputations, representing approximately
34% of the entire sample. Traumatic amputations occurred in a similar frequency between the
two groups with wall pigs having 20 and shrapnel pig sustained 16. Frequency of traumatic
amputations between wall and shrapnel pigs are shown in Figure 4.6.

Number of traumatic amputations

25
20
20
16
15

10

5

0
Wall

Shrapnel

Pig group

Figure 4.6 . Frequency of traumatic amputations in wall and shrapnel pigs.

A Mann-Whitney U test was selected to investigate differences in the occurrence of
traumatic amputations between wall and shrapnel pigs. The test generated a p value of 0.705,
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which indicates that there is not a statistically significant difference between the two groups with
respect to this test variable.
4.5

Comparison between experimental blast days
Mann-Whitney U tests were again employed to ascertain whether the types of fractures in

the long bones and pelvic girdle, the distribution of trauma by body regions, the occurrence of
traumatic amputations, and the size of the pigs differed with respect to the four experimental
blast days using pairwise comparisons. There were two oblique fractures in the scapula only on
day one, precluding the need for statistical testing for this body region.
Comparison between days by fracture classification: long bones
Table 4.6 depicts the significant Mann-Whitney U results for all pairwise comparisons.
For days one and two, significant differences were observed in oblique (p= 0.021), Salter Harris
fractures (p= 0.009), and total fractures (p= 0.005), as well as complete (p= 0.016) and
incomplete (p= 0.026) trauma. When comparing day one to three, significant differences were
observed in Salter Harris fractures (p= 0.001), total fracture count (p= 0.019), and complete (p=
0.010) trauma. In a comparison between days one and four, only the number of Salter Harris (p=
0.010) fractures was significantly different between the days. A pairwise comparison between
days two and three revealed that oblique fractures (p= 0.047) and incomplete (p= 0.044) trauma
were significantly different. Days two and three were significantly different with respect to
oblique fractures (p= 0.012), total fracture count (p= 0.012), and complete (p= 0.033) trauma.
The mean ranks for day two were significantly lower than those for days one, three, and four.
Finally, comparing days three and four revealed significant differences with respect to
comminuted (p= 0.038) and Salter Harris (p= 0.023) fractures, total fracture count (p= 0.040),
and complete (p= 0.010) trauma.
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Table 4.6 Significant results from a Mann-Whitney U test examining the pairwise comparison of
days. NS= nonsignificant.
Oblique

Comminuted

Salter
Harris

Complete

Incomplete

p= 0.009
1= 9.17
2= 3.83

Total
Fracture
Count
p= 0.005
1= 9.42
2= 3.58

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 2

p= 0.021
1= 8.50
2= 4.50

NS

p= 0.016
1= 9.00
2= 4.00

p= 0.026
1= 8.75
2= 4.25

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 3

NS

NS

p= 0.001
1= 13.42
3= 5.55

p= 0.019
1= 12.80
3= 6.35

p= 0.010
1= 12.42
3= 6.15

NS

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 4

NS

NS

p= 0.010
1= 12.33
4= 6.20

NS

NS

NS

Asymp. Sig. (2
tailed) and
mean ranks:
Days 2 and 3

p= 0.047
2= 6.00
3= 10.00

NS

NS

NS

NS

p= 0.044
2= 5.50
3= 10.30

Asymp. Sig. (2
tailed) and
mean ranks:
Days 2 and 4

p= 0.012
2= 5.00
4= 10.60

NS

NS

p= 0.012
2= 4.67
4= 10.80

p= 0.033
2= 5.25
4= 10.45

NS

Asymp. Sig. (2
tailed) and
mean ranks:
Days 3 and 4

NS

p= 0.038
3= 7.8
4= 13.20

p= 0.023
3= 7.65
4= 13.35

p= 0.040
3= 7.80
4= 13.20

p= 0.010
3= 7.10
4= 13.90

NS

Comparison between days by fracture classification: innominates
When comparing days one and two, comminuted (p= 0.037), total fracture count (p=
0.012), and complete (p= 0.010) trauma were significantly different between the days (Table
4.7). This trend is replicated in days one and three; significant differences were again noted in
comminuted (p= 0.005), total fracture count (p= 0.034), and complete (p= 0.042) trauma. Days
one and four displayed significant differences with respect to transverse (p= 0.017) fracture, total
fracture count (p= 0.001), and complete (p= 0.002) and incomplete (p= 0.004) trauma. There
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were no statistically significant differences in any of the variables between days two and three.
Days two and four only presented significant differences with respect to complete (p= 0.040) and
incomplete (p= 0.017) trauma. Lastly, comparing days 3 and 4 indicated significant differences
exist between the days in regard to oblique (p= 0.022) fractures and incomplete (p= 0.005)
trauma.

Table 4.7 Significant results from a Mann-Whitney U test examining the pairwise comparison of
days. NS= nonsignificant.
Transverse

Oblique

Comminuted

Complete

Incomplete

p= .037
1= 8.58
2= 4.42

Total
Fracture
Count
p= .012
1= 9.08
2= 3.92

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 2

NS

NS

p= .010
1= 9.08
2= 3.92

NS

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 3

NS

NS

p= .005
1= 12.50
3= 6.10

p= .034
1= 11.67
3= 6.60

p= .042
1= 11.58
3= 6.65

NS

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 4

p= .017
1= 11.00
4= 7.00

NS

NS

p= .001
1= 13.50
4= 5.50

p= .002
1= 13.17
4= 5.70

p= .004
1= 11.83
4= 6.50

Asymp. Sig. (2
tailed) and
mean ranks:
Days 2 and 3

NS

NS

NS

NS

NS

NS

Asymp. Sig. (2
tailed) and
mean ranks:
Days 2 and 4

NS

NS

NS

NS

p= .040
2= 5.42
4= 10.35

p= .017
2= 11.00
4= 7.00

Asymp. Sig. (2
tailed) and
mean ranks:
Days 3 and 4

NS

p= .022
3= 13.20
4= 7.80

NS

NS

NS

p= .005
3= 13.50
4= 7.50
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Comparison between days by body region
When comparing days one and two, statistically significant differences were observed for
the upper forelimb (p= 0.007), lower forelimbs (p= 0.007), lower hind limbs (p= 0.041), and the
innominate (p= 0.012) as well as in regards to total fracture count (p= 0.004) and complete
trauma (p= 0.005) (Table 4.8). When the bones are analyzed independently for the forelimbs and
lower hind limb, only the ulna (p= 0.022) and the tibia (p= 0.038) showed statistically significant
differences. Day one and three showed some significant differences between the days in the fore
limbs (p= 0.039), upper hind limb (p= 0.018), innominate (p= 0.034), total fracture count (p=
0.004), and complete trauma (p= 0.005). For days one and four, there were significant
differences for the innominate (p= 0.034), total fracture count (p= 0.044), and complete (p=
0.034) and incomplete (p= 0.001) trauma.
Days two and three presented no statistically significant differences. However,
significant differences were observed when comparing days two and four with respect to the
upper limb (p= 0.011) and forelimbs (p=0 .025), with the ulna (p= 0.022) and radius (p=0.024)
retaining significance when analyzed independently. Lastly, when comparing days three and
four, significant differences were only detected in complete (p= 0.028) trauma.
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Table 4.8 . Significant results from a Mann-Whitney U test examining the pairwise comparison of days. Body regions of significance
with more than one element are further separated. Significant variables (α= 0.05) are designated by an asterisk. NS= not significant.

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 2

Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 3

Upper limb

Fore limbs

Upper hind
limb

Lower hind
limb

Innominate

Shoulder

p= 0.007*
1= 9.00
2= 4.00

p= 0.007*
1= 9.00
2= 4.00

NS

p= 0.041*
1= 8.58
2= 4.42

p= 0.012*
1= 9.08
2= 3.92

NS

NS

Ulna:
p= 0.022*
1= 8.50
2= 4.50

Tibia:
p= 0.038*
1= 8.58
2= 4.42

Radius:
Ns

Fibula:
Ns

p= 0.039*
1= 11.42
3= 6.75

Total
fracture
count
p= 0.004*
1= 9.50
2= 3.50

Complete

Incomplete

p= 0.005*
1= 9.42
2= 3.58

NS

p= 0.018*
1= 11.92
3= 6.45

NS

p= 0.034*
1= 11.67
3= 6.60

NS

p= 0.007*
1= 12.67
3= 6.00

p= 0.006*
1= 12.75
3= 5.95

NS

NS

NS

p= 0.001*
1= 13.50
4= 5.50

NS

p= 0.044*
1= 11.58
4= 6.65

p= 0.034*
1= 11.75
4= 6.55

p= 0.001
1= 13.50
4= 5.50

Ulna:
p= 0.044*
1= 11.17
2= 6.90
Radius:
Ns
Asymp. Sig. (2
tailed) and
mean ranks:
Days 1 and 4

NS

NS
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Asymp. Sig. (2
tailed) and
mean ranks:
Days 2 and 3

NS

NS

NS

NS

NS

NS

NS

NS

NS

Asymp. Sig. (2
tailed) and
mean ranks:
Days 2 and 4

p= 0.011*
2= 5.00
4= 10.60

p= 0.025*
2= 5.50
4= 10.30

NS

NS

NS

NS

NS

p= 0.033*
2= 5.25
4= 10.45

NS

NS

NS

NS

NS

NS

p= 0.028*
3= 7.60
4= 13.40

NS

Ulna:
p= 0.022*
2= 5.50
4= 10.30
Radius:
p= 0.024*
2= 5.50
4= 10.30
Asymp. Sig. (2
tailed) and
mean ranks:
Days 3 and 4

NS

NS
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Comparison between days in traumatic amputation
All pairwise comparisons involving day one pigs were statistically significantly different
from the other three days (Table 4.9). This is expected as day one pigs all sustained traumatic
amputations, whereas only one occurred in day three and nine in day four. No traumatic
amputations were present in day two pigs.
Table 4.9 Mann-Whitney test results for differences in the occurrence of traumatic amputations
between days. Significant variables (α= 0.05) are designated by an asterisk.
Asymp. Sig. (2- tailed) and mean ranks: Days 1 and 2

Asymp. Sig. (2- tailed) and mean ranks: Days 1 and 3

Asymp. Sig. (2- tailed) and mean ranks: Days 1 and 4

Asymp. Sig. (2- tailed) and mean ranks: Days 2 and 3

Asymp. Sig. (2- tailed) and mean ranks: Days 2 and 4

Asymp. Sig. (2- tailed) and mean ranks: Days 3 and 4

Traumatic amputations
p= 0.002*
1= 9.50
2= 3.50
p= 0.000*
1= 13.50
3= 5.50
p= 0.000*
1= 13.33
4= 5.60
p= 0.439
2= 8.00
3= 8.80
p= 0.087
2= 6.50
4= 9.70
p= 0.101
3= 8.85
4= 12.15

Comparison between days in pig body sizes
All pairwise comparisons containing day one pigs were statistically significantly different
from the other experimental blast days (Table 4.10). Table 4.11 shows the minimum, maximum,
mean, and standard deviation for the sizes of the pigs for each blast day. Pigs from day one were
smaller, on average, than the other three days.
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Table 4.10 Mann- Whitney test results for differences in the size proxy of the pigs between days.
Significant variables (α= 0.05) are designated by an asterisk.
Asymp. Sig. (2- tailed) and mean ranks: Days 1 and 2

Asymp. Sig. (2- tailed) and mean ranks: Days 1 and 3

Asymp. Sig. (2- tailed) and mean ranks: Days 1 and 4

Asymp. Sig. (2- tailed) and mean ranks: Days 2 and 3

Asymp. Sig. (2- tailed) and mean ranks: Days 2 and 4

Asymp. Sig. (2- tailed) and mean ranks: Days 3 and 4

Size proxy
p= 0.016*
1= 4.00
2= 9.00
p= 0.005*
1= 4.17
3= 11.10
p= 0.005*
1= 4.17
3= 11.10
p= 0.278
2= 10.17
3= 7.50
p= 0.368
2= 7.00
4= 9.40
p= 0.096
3= 8.30
4= 12.70

Table 4.11 The minimum, maximum, average, and standard deviation for the size (in mm) of the
pigs for each experimental blast day.
Day
One
Two
Three
Four

4.6

Minimum
51.09
58.58
58.36
58.92

Maximum
61.06
73.57
72.58
76.50

Average
56.68
66.04
64.06
68.19

Standard Deviation
4.17
4.95
4.19
5.79

Correlations
Pearson correlations were conducted on all fracture types, body regions, total fracture

count, complete and incomplete trauma, traumatic amputations, day and the size proxy to locate
and describe significant relationships between variables. Separate bivariate correlations were
conducted with respect to types of fractures in the long bones (Table 4.12) and pelvic girdle
(Table 4.13), the distribution of trauma by body regions (4.14), and the occurrence of traumatic
amputations (Table 4.15). Variables that significantly correlate at either the 0.01 or 0.05
significance level are denoted by an asterisk in addition to being highlighted. The strength and
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direction of these relationships will be investigated in the discussion. Correlations were not
generated for the scapulae because of the small sample size.
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Table 4.12 Correlation matrix depicting Pearson’s r and the significance value for size, day, fracture types, total fracture count, and
complete and incomplete trauma for the long bones for both wall and shrapnel pigs. SH= Salter Harris; TotalFX= Total fracture
count.
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Table 4.13 Correlation matrix showing Pearson’s r and the significance value for size, day, fracture types, total fracture count, and
complete and incomplete trauma for the innominates for both wall and shrapnel pigs. TotalFX= Total fracture count.
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Table 4.134 Correlation matrix depicting Pearson’s r and the significance value for size, day, and total fracture count for the
individual bones for both wall and shrapnel pigs. TotalFX= Total fracture count.
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Table 4.15 Correlation matrix depicting Pearson’s r and the significance value for size, day, and
total fracture count for traumatic amputation for both wall and shrapnel pigs. TotalFX= Total
fracture count.
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5

DISCUSSION

An interpretation of the Results in presented in the following five sections. Section 5.1
focuses on the differences between wall and shrapnel pigs with respect to fracture types in the
long bones, innominates, and scapulae. The following two sections, 5.2 and 5.3, discuss the
differences in bodily distribution of fractures and the occurrence of traumatic amputations
between the two groups. Section 5.4 discusses the limitations of this study and recommendations
for future research, and finally, section 5.5 addresses the implications of the results on forensic
anthropology and human rights abuses.
5.1

Comparison between wall and shrapnel pigs by fracture classification
When examining the frequency of blast trauma across the appendicular skeleton, the

shrapnel pigs experienced more fractures than the wall pigs, with 280 and 168, respectively.
Shrapnel pigs had a greater number of comminuted and projectile fractures, while the other
classifications (transverse, oblique, spiral, butterfly, and Salter Harris) were roughly equivalent
between the two groups (Table 4.1). However, wall pigs sustained more complete than
incomplete trauma, with 86% of fractures being complete (versus 77% for shrapnel pigs).
Inversely, shrapnel pigs experienced more incomplete trauma, with 23% of fractures being
categorized as incomplete (versus 14% for wall pigs) (Table 4.2).
As a group, the pigs experienced all seven fracture categories (transverse, oblique, spiral,
comminuted, butterfly, Salter Harris, and projectile) examined in this study, demonstrating the
multitude of forces, including compression, tension, shearing, torsion, and angulation, that
impacted the skeletal structure in this blast scenario. However, comminuted fractures were the
most common type of fracture for each group, indicating the high levels of force (Galloway et
al., 2014) of the blast wave. Given that severity of trauma has been documented to increase as
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proximity to the blast epicenter increases (Christensen et al., 2012), the higher number of
severely fragmented fractures, or comminuted fractures, is to be expected since the pigs were
positioned 5’ from the device. The long bones sustained the most trauma followed by the
innominates, while the scapulae experienced relatively minimal fracturing.
It was hypothesized that there would be differences between wall and shrapnel pigs with
respect to the type of fractures sustained, creating two suites of trauma. This hypothesis was
partially supported as only a different suite of trauma manifested in the shrapnel pigs. The
differences in fracture types between the two groups are likely explained by the shrapnel material
included in the device itself.
Long bones
The results of the Mann-Whitney U test for the long bones indicate that only a different
suite of trauma manifested in the shrapnel pigs given that the groups only exhibited statistically
significant differences with respect to comminuted (p= 0.012) and projectiles (p= 0.000)
fractures (Table 4.3). The distribution of the two significant fracture types between the two pig
groups can be partially accredited to the inclusion of shrapnel in the blast device itself. While
some projectile fractures were observed in wall pigs (n= 8), the majority of these fractures were
sustained by shrapnel pigs (n= 81) (Figure 4.1 and Table 4.3). The presence of mixed metal
materials (e.g., ball bearings, screws) intensifies the destructive capabilities of a blast device
(Christensen et al., 2012; Beaven and Parker, 2015), increasing the likelihood of projectile
material impacting the skeleton in the shrapnel pig group. It is possible that the higher frequency
of comminuted fractures in the shrapnel pigs is a result of the impact of projectile material with
the bone, especially if the shrapnel struck the cortical bone, displaying no visible point of impact
(Christensen et al., 2012). Shrapnel impact with the skeleton likely occurred at high velocities
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due to the close proximity of the pigs to the epicenter, which would manifest as more severe
fragmentation (i.e., comminuted fractures) (Christensen et al., 2012; Kimmerle and Baraybar,
2008). However, if no physical evidence of shrapnel remained on the bone, this trauma would
still have been classified as a comminuted fracture, thus increasing the occurrence in shrapnel
pigs. Additionally, the higher total fracture count (p= 0.001) for shrapnel versus wall pigs in the
long bones (221 vs. 124) can also be attributed to the presence of shrapnel material, particularly
for projectile and comminuted fractures (Figure 4.1 and Table 4.3).
Significant differences were also detected between wall and shrapnel pigs with respect to
incomplete (p= 0.016) trauma (Table 4.3). The inclusion of projectile material directed towards
the shrapnel pigs increased the chances of fractures being classified as incomplete trauma. While
projectiles likely caused extensive fragmentation when striking the cortical bone, they often
presented as incomplete due to the propensity for this material to become embedded in the bone.
This incomplete projectile trauma was especially apparent in areas of increased trabecular bone
such as the metaphyses.
Pearson correlations of the significant differences for the long bones show some
interesting relationships can be observed (Table 4.12). When looking at the total sample,
comminuted fractures were the only significant variable that correlated with another fracture
type, specifically Salter Harris fractures (r= 0.414). In addition, total fracture count significantly
correlates with comminuted (r= 0.653), Salter Harris (r= 0.714), and projectile (r= 0.643)
fractures. Given that Salter Harris fractures occur in juveniles and subadults (Galloway et al.,
2014), it is possible that the younger and smaller specimens in this study were more susceptible
to Salter Harris as well as comminuted fractures and a higher number of total fractures.
Additionally, those pigs that experience overall greater severity of trauma, such as extensive
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fragmentation (i.e., comminuted fractures) tended to have a higher total fracture count. These
would include the younger, smaller pigs.
Innominates
Again, differences in the types of fractures noted between the wall and shrapnel pigs in
the innominates are likely due to the inclusion of shrapnel on the device. The inclusion of
shrapnel in the device composition explains the difference between the two groups with respect
to projectile fractures (p< 0.001) (Table 4.4). Shrapnel pigs experienced nearly all of the
projectile fractures (17 vs. 1) collected across the innominates, which explains the significance
value for this variable. Additionally, projectile fractures often presented as incomplete trauma
due to the lodging of the shrapnel material in the bone, thus explaining some of the differences
observed in the innominates of the shrapnel pigs.
Significant differences were also observed in the innominates with respect to butterfly
fractures, and this generated a higher mean rank for wall pigs rather than shrapnel pigs (Table
4.4). Butterfly fractures were mainly present in wall pigs (12 vs. 3), and these fractures presented
only in the ischium, often extending into the ischiopubic ramus as well. Even though
comminuted fractures resulted in no significant differences between the two groups, the higher
frequency of this trauma in shrapnel versus wall pigs (17 vs. 11) could have contributed to the
lower frequency of butterfly fractures in the shrapnel pig group. Comminuted fractures often
extended into all elements of the innominate (i.e., ilium, pubis, and ischium) and created
extensive fragmentation, consequently impacting the region where all butterfly fractures
occurred and inhibiting their manifestation. It is also possible that the manifestation of butterfly
fractures in the ischium of wall pigs are a result of the wall variable and the compounding of the
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blast wave off this structure. However, given the apparent lack of influence of the wall variable
on the long bones, the former explanation is more likely.
When exploring the bivariate analysis (Table 4.13), the two significant fracture types,
butterfly and projectile, negatively and significantly correlate with one another (r= -0.361). This
makes sense given these two fracture types were representative of their respective pig group. The
majority of fractures, with the exclusion of projectile fractures, positively correlate with total
fracture count. This shows the direct relationship between increased number of fractures and
specific fracture types in the two groups such that the manifestation of certain fractures are more
likely to occur as greater trauma is sustained.
Scapulae
In comparison to the other elements of the appendicular skeleton, the scapulae were
relatively intact owing to the fact that the pigs were positioned facing a grounded device (Figure
3.1). This likely protected the scapulae from more trauma as the shoulder girdle is farther from to
the device and somewhat elevated above the outward movement of the blast wave (Roa et al.,
2015). However, the majority of the fractures in this bone were projectile (n= 6), which could
hint that the inclusion of shrapnel in the device is again a driving force in trauma production.
Additional remarks
As discussed in the background chapter of this thesis, there are numerous variables that
influence the damaging effects of a blast, including device composition, proximity to device, and
the location of blast. Two additional variables that were determined to play a noteworthy role in
this study were the day of the blast event as well as the size of the pig, estimated using minimum
humeral circumference as a size proxy (Campione and Evans, 2012).
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With respect to the types of fractures, significant differences between days were
observable in the long bones as well as the innominates and between all pairwise comparisons of
days in at least one fracture classification, if not more (Table 4.6 and 4.7). Total fracture count
also commonly presented with significant differences between days, especially in day one pigs
from all other days. Being able to pinpoint the causation for these differences between days is
problematic. Even subtle differences in the device composition, weather conditions, and
numerous other variables could lead to the results seen in this sample. For example, the blast
wave dissipates slower in water (Mathews and Koyfman, 2015), and it rained between days three
and four, which occurred on consecutive days in Spring 2017. It is possible that the water
saturated soil (Zakrisson et al., 2012) or water vapors retained in the air could have impacted the
blast events conducted on day four, as significant differences were observed in the long bones
between days three and four with respect to comminuted fractures and total fracture count. While
an enticing explanation, many of these possibilities, such as the weather conditions, were unable
to be tested.
However, one variable, size, was available for further investigation. A Pearson bivariate
correlation revealed a significant relationship exists between the size surrogate and days (r=
0.566) (Table 4.12 and 4.13). Mann-Whitney U tests further showed the size of pigs on day one
to be significantly different from all other blast days (Table 4.10). Using minimum humeral
circumference, averages were calculated for the size of pigs on each experimental blast day:
56.68 mm (day one), 66.04 mm (day two), 64.06 mm (day three), and 68.19 (day four) (Table
4.11). Therefore, the size of pigs on day one were significantly smaller than those utilized the
other three days and accounts for some of the differences observed between the four days.
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Overall, there was a lack of correlation between size and the majority of the seven
fractures types in the long bones and innominates, suggesting that size generally does not impede
the manifestation of certain types of fractures. When examining the long bones, size negatively
and significantly correlates with Salter Harris fractures (Table 4.12), which makes sense as these
fractures are characteristic of juveniles with smaller body size so the larger specimens would be
less likely to sustain these. In the innominates, size negatively and significantly correlates with
transverse and comminuted fractures (Table 4.13). However, size does significantly correlate
with total fracture count for both the long bones (r= -0.356) and innominates (r= -0.661)
demonstrating how a larger body mass is likely to impede overall fracture production.
5.2

Comparison between wall and shrapnel pigs by body region
The prior section focused on differences between wall and shrapnel pigs with respect to

the types of fractures observed, while this section considers the differences between the groups
with respect to fracture frequency by body region. Of the 448 fractures in this dataset,
approximately 37.5% were observed in the wall pigs and shrapnel pigs had 62.5%. Shrapnel pigs
had more fractures in all the bones of the appendicular skeleton than were observed for wall pigs.
However, some bones, such as the innominate and fibula, were close in frequency between the
two groups (Figure 4.4 and 4.5).
It was hypothesized that wall and shrapnel pigs would present with differences in the
frequencies of fracture, regardless of fracture types, due to the inclusion wall and shrapnel
variables. Between both groups, more lower body than upper body fractures were anticipated due
to the grounded position of the device and the outwards movement of the spherical blast wave
(Figure 3.1) (Roa et al., 2015). Moreover, because of the projectile materials directed towards the
shrapnel pig group, differences were expected to arise between the groups in the lower body, due
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to the extensive fragmentation caused by shrapnel impact. This hypothesis was supported as the
two groups differed in the frequencies of fractures for the femur, tibia, and even humerus (Table
4.5).
The body regions that were analyzed for differences between the two groups included the
upper forelimb (humerus), lower forelimb (ulna and radius), upper hind limb (femur), lower hind
limb (tibia and fibula), pelvis, and shoulder. The two bones with the strongest significant
differences between wall and shrapnel pigs were the femur (p= 0.000) and tibia (p= 0.017),
indicating that the greatest differences were noted in the hind limbs (Table 4.5). For both groups
of pigs, fractures to the entire hind limb account for over 60% of all the trauma sustained in the
appendicular skeleton. Given the set-up of a grounded device 5’ from both victims, it was
expected for the pigs to be subjected to the majority of the trauma on the lower portions of their
bodies, as exhibited here (Figure 3.1). This was expected due to the outward movement of the
blast wave (Roa et al., 2015), which, being grounded, would have had the largest impact on the
elements that were closest in proximity (i.e., the lower body). Therefore, it is unsurprising to see
the greatest differences between the two groups in this body region.
With respect to the femur, wall pigs had 28 fractures whereas shrapnel pigs experienced
over twice as much, with 70 fractures to this bone. The tibia, on the other hand, sustained 37
fractures for wall pigs and 51 for the shrapnel group. For both bones, greater fracturing occurred
in the shrapnel pigs, likely owing to several factors. The inclusion of projectile material in the
blast device produced more severe fragmentation in the shrapnel pigs than the wall group
(Christensen et al., 2012; Beaven and Parker, 2015), as evidenced by the greater amount of
comminuted fractures. Additionally, shrapnel pigs had increased fractures occurring as a result of
projectile impact, producing both complete and incomplete traumas. Both of these would
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increase the total number of fractures for the shrapnel pigs, creating the differences observed
between the two groups in the tibia and femur.
The design of the project also explains the distribution of fractures in the lower hind limb
(i.e., tibia and fibula). The device was positioned on the ground, 5’ in front of both pigs (Figure
3.1). The blast wave propagates outwards from the device (Roa et al., 2015), thus having greater
impact with the lower appendicular skeleton. Therefore, it is unsurprising that the tibia, while
showing significant differences between groups, is closer in fracture frequency between the
groups than is the femur, due to the proximity to the blast device and therefore blast wave. This
is further corroborated by the nonsignificant results of the fibula which presented with 43
fractures for wall pigs and 48 for shrapnel pigs. The small size and lack of robusticity of the
fibula and the alignment with the blast device plays a role in the nearly identical frequency of
fracturing between the two groups.
The femur presented with the strongest significant difference between wall and shrapnel
pigs. The femur was positioned at a slightly elevated position from the device, compared with
the tibia, and is the largest bone in the body based on visual observations (Figure 3.1). Therefore,
the fracturing that occurred in this bone demonstrates the differences between the two groups of
pigs in regards to the variables (i.e., wall and shrapnel). Wall pigs experienced a relative lack of
trauma in comparison to shrapnel pigs, with only 28 fractures sustained in the femur. For
shrapnel pigs, the greatest number of fractures were in the femur (n=70), which may be the result
of the deleterious effects of projectile material on this bone. Therefore, it is likely that the
inclusion of projectile materials accounts for this difference in femoral trauma between the two
groups.
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Differences that were statistically significant also were noted between wall and shrapnel
groups with respect to the frequency of humeral fractures (p= 0.038) (Table 4.5) but not trauma
to the ulna and radius. The humerus is more robust than the radius and ulna and situated
proximal to these bones (Figure 3.1). Differences in the fracture frequency to the humerus are
also likely due to the impact of shrapnel materials with the upper body.
The Pearson analysis revealed unsurprising significant correlations between elements of
the appendicular skeleton (Table 4.14). For example, humeral fractures positively correlated with
fractures to the forelimbs, the ulna and radius with one another, and all three of these bones with
femoral fractures. This shows that upper body trauma is associated with lower body trauma. The
fracturing of the fibula does not significantly correlate with any other bone, including the tibia,
thus further indicating its extensive fracturing between both wall and shrapnel groups due to its
small size and gracility.
Additional remarks
Significant differences between the days were also detected in the body regions that were
fractured, with four of the six pairwise comparisons of days showing differences in at least one
body region (Table 4.8). Just as with the types of fractures in the prior section, there are numerus
factors, such as weather conditions, that could have resulted in some of the differences between
experimental blast days. Significant differences between the size of pigs on day one from other
days (Table4.10) and a significant positive correlation between size and the blast days (Table
4.14) again attests to the effect of size on some of the results.
Size was found to play a principal role in the manifestation of trauma by body region and
on the dispersion of fractures across the appendicular skeleton (Table 4.14) rather than on the
manifestation of specific types of fractures (Table 4.12 and 4.13). A bivariate analysis shows
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several significant and negative correlations between size and the occurrence of fractures on the
various bones of the appendicular skeleton. These bones include the humerus (r= -0.434), femur
(r= -0.424), tibia (r= -0.381), and innominate (r= -0.661) and show that an indirect relationship
exists such that as pig size increases, fractures to these bones tend to decrease. The ulna and
radius do not present with a significant correlation with the size surrogate likely due to the closer
proximity to the device as well as their greater gracility in comparison to the humerus (Figure
3.1). The fibula also did not have significant correlations with size likely due to its lack of
robusticity. Perhaps more importantly, size is significantly negatively correlated with total
fracture count (r= -0.509) indicating that body mass is related to the overall number of fractures
sustained.
5.3

Comparison between wall and shrapnel pigs by traumatic amputation
It was hypothesized that wall pigs would have a higher frequency of traumatic

amputations than the shrapnel group due to the additional forces generated by the reflection of
the blast wave off the wall. This hypothesis was rejected as there are no statistically significant
differences between the two groups (p= 0.705) in traumatic amputations. Therefore, their
manifestation must primarily be the result of other factors. Mann-Whitney U tests on pairwise
comparisons of days revealed day one to be significantly different from days two, three, and four
(Table 4.9). Of the 36 traumatic amputations that were observed, 26 of them occurred in day one
pigs; these were among the smallest pigs in the sample, with an average size measurement of
56.68 mm (Table 4.11).
A Pearson correlation revealed a strong and significant negative correlation (r= -0.715)
between traumatic amputations and the size proxy (Table 4.15). This indicates that the
occurrence of traumatic amputation has an indirect relationship with the pig size such that as pig
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size increases, the occurrence of traumatic amputation decreases. This can be corroborated by the
majority of the traumatic amputations that occurred in the sample. Nine of the 11 pigs that had at
least one traumatic amputation had a minimum humeral circumference that measured below
61.06 mm, whereas the other two presented with measurements of 64.12 and 65.73 mm. Of these
11, the nine below 61.06 mm account for all but one of the smallest pigs in the dataset, and day
one pigs generally had the smallest humeral circumferences, ranging from 51.09 to 61.06 mm
(Table 4.11). Additionally, the majority of the pigs that did not have traumatic amputations had
measurements ranging from 62.20 to as large as 76.50mm. Therefore, smaller proportions and
less robust bones are more vulnerable to traumatic amputations.
All 36 traumatic amputations manifested in the lower body. Again, this extreme trauma is
probably due to the positioning of the blast device on the ground and the outwards propagation
of the blast wave (Roa et al., 2015), subjecting the lower elements were subjected to the greatest
forces. Traumatic amputations did not occur in the upper body as this region is elevated from the
grounded device and was subjected to less trauma overall. In the study conducted by Christensen
et al. (2012), traumatic amputations were observed in the upper and lower limbs; there the upper
limbs were likely affected due to the suspension of the explosive device in line with the abdomen
of the specimens.
Points of traumatic amputation were highly variable, though all involved portions of the
pelvis and hind limbs. Of the 36 traumatic amputations, 13 contained portions of the innominate,
25 had portions of the femur, and 27 contained portions of the tibia. The majority of traumatic
amputations did not manifest at the joint, but rather included incomplete portions of a diaphysis.
For example, a traumatic amputation could include the inferior innominate and proximal femur
or the distal femur and entire tibia and fibula. These results support the findings of Hull (1992)
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and Hull and Cooper (1996) in which traumatic amputations were argued as resulting from the
blast wind (i.e., primary blast injury) and not solely avulsion due to displacement (i.e., tertiary
blast injury), since the points of traumatic amputation occurred along the diaphysis rather than at
the joints (Dussault et al., 2014; Christensen et al., 2012). However, it is possible that the
displacement of the body compounded the trauma and aided in the complete manifestation of a
traumatic amputation through avulsion of the fracture (Hull and Cooper, 1996; Christensen et al.,
2012), an interpretation Mathews and Koyfman (2015) favor. These results also support a
combined primary and tertiary classification for traumatic amputations.
5.4

Limitations and recommendations for future research
There were a few factors that could have been beneficial if included in the study. For the

bivariate analysis, the size variable that was utilized was estimated and represented by the
minimum humeral circumference, which strongly correlates with body mass (Campione and
Evans, 2012). Recorded body mass would have provided a more robust size variable to use in the
bivariate analysis to determine its relationship with the other test variables included in this study.
Additionally, pigs of similar body mass would be beneficial as it would reduce the effect of size
on the results.
Another issue encountered by this, as in much anthropological trauma research, is the use
of pigs as a human surrogate. In addition to differences in bone structure and anatomical
structural differences, pigs also are protected by a thicker hide than human skin and present with
smaller articular skeleton than that of adult humans. However, certain steps (e.g., positioned
upright) were taken have the pigs mimic how a human would experience a blast scenario.
This study examines one of many possible scenarios of a blast. Further research is
necessary to better understand the effects of a blast on the skeletal system in differing situations.
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Some scenarios could explore the effects of victims varying distances from the device as well as
device composition and placement. Additionally, this study examined a blast in a primarily openair setting, and more research into enclosed space and motor vehicle blasts would add to the
knowledge base. Furthering the understanding of fracture patterning and distribution of blast
trauma in various scenarios would assist forensic anthropologists investigate human rights
abuses. In addition, blast trauma research can assist medical professionals in the triage and
management of post- blast scenes.
5.5

Implications for forensic anthropology
While the design of this project is only one of numerous scenarios in which an explosion

can occur, the results have implications for investigations into blast trauma in forensic
anthropology. First, the results reinforce the characteristics of blast trauma such that multitrauma
and dispersal of fractures across the entire skeleton were observed. All seven fractures types
were observed in this study, with comminuted being the most prevalent due to the close
proximity of the pigs to the epicenter. Additionally, trauma was observed in every region of the
appendicular skeleton, though the majority were focused in the lower limbs and only a small
portion impacted the scapulae.
Furthermore, the inclusion of shrapnel in the project design that was directed only
towards the shrapnel pig group shows the damaging effect of this variable on the suite of trauma
observed. More comminuted and projectile fractures were sustained by the shrapnel pig group,
indicating an increase in fracture occurrence and severity. The shrapnel pig group had a
significantly higher number of total traumas with 280 fractures compared to the 168 observed in
wall pigs; shrapnel pigs averaged 17.5 total fractures whereas wall pigs only averaged 10.5.
These results show the possible differences in fracture types as well as the number of total
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fractures when projectile materials are included in the device composition. Another variable that
proved to have a significant impact on the results of this study was the size of the pigs. Smaller
pigs were found to typically have a higher total fracture count and were more susceptible to
traumatic amputations.
These results are beneficial to investigations of human rights abuses within forensic
anthropology as it adds to the base of knowledge on trauma analysis and can potentially assist in
differentiating blast trauma from other types of injuries. As Christensen et al. (2012) and
Dussault et al. (2017) have noted, differentiating blast trauma from other assaults requires a
careful examination of individual injuries across the entire skeleton. These results show how the
inclusion of shrapnel as well as the size of the victim can create differences in the patterning and
distribution of trauma.
The results of this study detailed the trauma associated with a grounded device in a
primarily open-air setting. Additionally, the pigs were positioned near the device as well as
facing it while oriented upright. Again, a careful analysis of a victim’s entire suite and
distribution of injuries can aid in the reconstruction of the explosive event itself. For example, an
analysis of fracture patterns could potentially allow for forensic anthropologists to comment on
the context of the blast, including the victim’s position with respect to the device and the position
of the device (e.g., grounded vs. airborne). In this study, trauma was typically extensive,
concentrated on the lower body, and with minimal trauma to the scapulae. Observing this
patterning and distribution of trauma in an assemblage could lead investigators to posit that the
device was grounded (hence the higher frequency of lower body trauma), the victims were close
to the epicenter (as evidence by the extensive skeletal trauma), and the victims were facing the
device (hence the lack of assaults to the scapulae).
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The ability to identify the cause of the patterning and distribution of trauma that appears
to uniquely characterize blast trauma would allow forensic anthropologists to contribute to the
objectives of investigations of human rights abuses as outlined by Doretti and Snow (2009) and
discussed in chapter one of this thesis. Differentiating blast trauma in assemblages of remains
from human rights abuses would aid in the persecution of these crimes and would return a lost
narrative to victims of these atrocities.
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CONCLUSIONS
While it was anticipated that separate suites of trauma would emerge for wall and shrapnel
pigs in this study, the significant differences were explained only by the inclusion of projectile
materials directed towards the shrapnel pigs. Therefore, it is possible that the inclusion of a wall
constructed from plywood was not substantial enough to create differences in the fracture
patterning between the two groups. The use of a more robust wall constructed of material stronger
than plywood would be more likely to produce two discrete fracture patterns and distributions
between the wall and shrapnel pigs.
Overall, the trauma sustained in this study presented with extensive fragmentation, with
comminuted breaks being the predominant fracture between both wall and shrapnel pigs, as
Christensen et al., (2012) noted in their study. Increased proximity to the epicenter has been
shown to increase fracture severity (Christensen et al., 2012) due, in part, to the higher velocity
of the fragments when closer to the epicenter (Kimmerle and Baraybar, 2008). This study does
not examine the effects of varying distances on the degree and patterning of trauma given that all
pigs were positioned the same distance from the blast device. In the Christensen et al. (2012)
study, the one specimen that was positioned 5 feet from the device experienced no fractures, and
extensive trauma was only noted as pigs were moved closer to the device, one and 2 feet,
respectively. The severe fracturing of the pigs in this study at five feet from the device could
indicate differences in device composition and charges or other factors between the studies.

Characteristics consistent with blast trauma, observed in experimental studies by
Christensen et al. (2012) and reviews by Dussault et al. (2014, 2016), were present in this study.
The trauma sustained in this study included primary, secondary, and tertiary mechanisms of blast
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injury. The damage of the blast wave decreases as distance from the epicenter increases (Balazs
et al., 2015); given that the pigs were situated only 5’ from the device, trauma due to the blast
wave, or primary blast injuries, is credited with some of the observed injuries. Additionally,
secondary injuries were extensively observed in the shrapnel pigs group, and traumatic
amputations in both groups appeared to result from combined primary and tertiary mechanisms
of injury. And finally, size was found to strongly influence he manifestation of the total number
of fractures and traumatic amputations such that smaller individuals sustained greater damage
than larger ones.

Blast trauma in this scenario was further characterized by multitrauma, such as BFT and
projectile trauma, as well as fractures consistent of various directions of force. Additionally, blast
trauma can be differentiated from BFT and projectile trauma, such as GSWs, due to the
nonlocalized dispersion of skeletal injuries. In comparison, BFT and GSWs typically are
characterized by localized trauma; for example, GSWs tend to cluster in vulnerable regions such
as the crania and thorax (Dussault et al., 2016). Other the other hand, blast trauma features
trauma to these regions in addition to the extremities (Christensen et al., 2012; Dussault et al.,
2016). Examination of this multitrauma and the dispersion of injuries will aid forensic
anthropologists in identifying blast trauma from other types of assaults.
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